Polylactide (PLA) stereocomplexes (SCs) were prepared from low molecular weight PLLA and PDLA with terminal carboxyl groups in the presence and in the absence of calcium oxide being a donor of metal ions. Only the stereocomplexation performed in the presence of metal ions causing PLA macromolecules preorganization resulted in the SC formation in a form of spherical microparticles (microspheres). Hydrolyses of microspheres containing CaO and the SC without CaO were performed in a phosphate buffer pH = 7.4 at temperatures 37 and 50 °C. The rate of hydrolytic degradation of SCs was studied and compared to find the effect of the metal ions presence. The results of the hydrolysis were analyzed by the observation of polymer samples using scanning electron microscopy and infrared spectroscopy, also by differential scanning calorimetry measurements.
Introduction
One of the main features of polylactide materials designed for biomedical and pharmaceutical applications is their ability to degradation in a controlled manner in the biological environment. The mechanism of hydrolytic degradation and its time scale may vary for different polymeric materials, and they depend on parameters related to the environment such as pH and degradation temperature [1] [2] [3] [4] [5] . For the PLA material working at specific conditions, its susceptibility to hydrolytic degradation can be 1 3 influenced by the molecular weight of the polymer, the architecture, the presence of comonomer units or the crystallinity [6] [7] [8] [9] .
Apart from the manipulation by aforementioned parameters, the modification of hydrolytic degradation process can be achieved by the preparation of PLA stereocomplex from both PLLA and PDLA stereoisomers. It is known that PLA stereocomplex has better thermomechanical properties than stereoisomers [10, 11] . Melting temperature of PLA SC is about 50 °C higher, and also mechanical properties are improved which is attributed to the increased intermolecular crystallization (resulting in a larger number of tie chains between crystallites) [11] . Higher crystallinity of stereocomplex in comparison with the enantiomeric polymer has an effect on its degradation. The hydrolytic degradation process of PLA stereocomplex was a subject of several studies [8, [12] [13] [14] [15] . It was found that the degradation rate of PLLA/ PDLA SC was lower than the degradation rate of PLLA which can be assigned to strong secondary interactions between complementary macromolecules of SC and a higher degree of crystallinity of SC material [14] .
PLA stereocomplex can be prepared in the melt or in solution. When prepared in solution by the application of such methods as solvent evaporation, precipitation, lowering solvent temperature or spray droplet atomization it may crystallize in a form of microparticles with specific morphology depending on conditions. Several articles appeared concerning the study of the morphology of PLA SC crystallized from solution [11, [16] [17] [18] [19] [20] [21] .
The contributions from our group [18, 20, 21] were focused on stereocomplexation of medium molecular weight PLAs containing ionic end groups. We proved that the presence of ionic end groups (imidazolium or carboxylate groups were introduced) facilitated the PLA macromolecules preorganization leading to spherical microparticles with high regularity [18, 21] . The influence of external conditions as, e.g., a type of the solvent, the polymer concentration as well as the molecular weight and the number of ionic end groups on the size and the regularity of microspheres was studied. In the case of carboxylate end groups, microparticles were prepared in the presence of metal ions which enabled ionization of initial carboxyl groups. Then, metal ions were present in the formed microparticles (metal oxide was used as a metal ions donor in the cited article [21] ).
The phenomenon of spontaneous PLA microspheres formation upon PLA stereocomplexation and the possibility of controlling microspheres' size and regularity suggested their application for the encapsulation of biologically active compounds. If designed as drug delivery systems (DDS) [22] [23] [24] [25] , PLA microspheres should undergo hydrolytic degradation and this degradation should be tunable. Thus, for applications as drug delivery systems, the hydrolysis profiles of drug-containing polymeric vesicles or microspheres are very important.
There is a broad literature concerning DDS based on one PLA stereoisomer (mainly PLLA or its copolymers with other monomers) [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] where the degradation and drug release from polymeric matrix were also studied. Some publications also describe DDS consisting in part of PLA stereocomplex (PLA SC) [17, 19, [37] [38] [39] [40] which introduces the stabilizing effect. Thus, the microparticles are more stable, but it is necessary to remember that this stabilization effect is coupled with changed (in comparison with PLLA) degradation profile.
In the presented work (being an extension of the mentioned study on SC microparticles formation [21] ), we investigated a process of hydrolytic degradation of microspheres prepared by spontaneous stereocomplexation of PLA with carboxyl end group in the presence of calcium ions (CaO was used as a donor of cations). The presence of calcium ions (calcium oxide is no longer in its crystalline form when the interaction with carboxyl groups is considered [21] ) should influence hydrolytic degradation of stereocomplex. The effect of traces of metals on the hydrolytic degradation of one PLA stereoisomer has been already studied [41] , however not for stereocomplex, which additionally was in a specific form, i.e., microspheres. On the other hand, although the hydrolysis of stereocomplex in a form of microparticles was also investigated [15] , that study concerned high molecular weight PLA (~ 130,000) which did not contain metal ions, and hydrolysis was stopped reaching M n values close to those of our starting polymers.
It seems that in a present study, both the presence of metal cations inside PLA material and the spherical shape of PLA microparticles could influence their hydrolytic degradation.
The influence of calcium cations inside microparticles was determined by the comparison of the results of both degradations-the stereocomplex obtained in the presence and in the absence of calcium oxide. Additionally, we compared these degradation processes with the degradation of one stereoisomer without any additive.
Experimental part
Materials l,l-Lactide (LLA) (BoehringerIngelheim, Germany) and d,d-lactide (DLA) (Purac, 99%) were purified by crystallization from dry 2-propanol and sublimation. Glycolic acid (GA) (99%, Aldrich), trifluoromethanesulfonic acid (triflic acid) (98%, Aldrich), 1,4-dioxane (pure, Chempur) and THF (HPLC, Baker), calcium oxide (99%, Aldrich) were used as received. Phosphate buffer, pH = 7.4, was prepared from Hydrion Buffers (MicroEssentialLab).
Synthesis of PLA-COOH
l-Lactide (LLA) or d-lactide (DLA) (2.0 g, 13.9 mmol) and glycolic acid (GA) (0.061 g, 0.8 mmol) were placed in a Schlenk tube, which was degassed, filled with argon and placed in an oil bath heated to 105 °C. After monomer has melted, triflic acid (1 μL, 0.011 mmol) was added with a syringe through the rubber septum. Polymerizations were conducted at 105 °C with stirring for 1 h. Obtained solid polymers were crushed, dissolved in CH 2 Cl 2 , precipitated into methanol and filtered. Products were dried under vacuum and characterized by SEC, 1 H NMR, and DSC methods.
Preparation of PLA stereocomplex
0.6 g of PLLA and 0.6 g of PDLA were dissolved separately in 6 ml of a solvent (1,4-dioxane or THF). Then, an equimolar amount of calcium oxide in respect to -COOH groups in the polymer was added. The suspensions were stirred (each separately) for 3 h, then were quickly mixed together and left for 24 h. During this time, the stereocomplex slowly precipitated. After the separation precipitated stereocomplex was dried in air, next in vacuum and was analyzed by SEM and DSC.
Hydrolysis procedure
Small portions of prepared stereocomplex (about 0.06 g) were weighed into 8-mL vials to which 6 mL of phosphate buffer (pH = 7.4) were added. Vials (closed with taps) were placed in a hotplate with holes heated to 37 or 50 °C. Each vial contained separate sample which was removed from the heating plate after predetermined hydrolysis time and was analyzed (mainly the solid stereocomplex after its separation or both-stereocomplex and hydrolysis medium).
Instrumentation
1 H NMR spectra of polylactides were recorded in CDCl 3 using a Bruker DRX500 instrument operating at 500 MHz.
Size-exclusion chromatography (SEC) was performed using an Agilent Pump 1100 Series with Agilent G1379A Degasser and a set of two PL-Gel 5 l mixed-C columns. Wyatt Optilab Rex interferometric refractometer (Wyatt Technology Corp., Santa Barbara, USA) was used as a detector. Dichloromethane was used as an eluent at a flow rate of 0.8 mL min −1 at room temperature. The system was calibrated according to polystyrene standards.
Differential scanning calorimetry (DSC) analysis was performed under nitrogen at a heating and cooling rate of 10 °C/min on DSC 2920 Modulated TA Instrument. Both temperature and heat flow were calibrated with indium.
Scanning electron microscopy (SEM) images were taken using Jeol JSM-5500LV apparatus working in the secondary electron mode with an accelerating voltage of 10 kV. The samples were prepared by fixing onto carbon adhesive tape and covering with a conductive gold layer and were studied in a low vacuum.
FT IR measurements were performed on a ThermoScientific Nicolet 6700 FTIR instrument with an attenuated total reflectance Axiom accessory and an MCT/A detector using a resolution of 2 cm −1 . Single particle optical sizing (SPOS) analysis was performed on an AccuSizer 780 AD Organic Compatible instrument (PSS-NICOMP, Santa Barbara, CA, USA) equipped with an automatic dilution system (auto dilution) in order to eliminate particle coincidence in the sensing photozone using water dispersion of PLA stereocomplex samples.
Polymer Bulletin (2019) 76: [1135] [1136] [1137] [1138] [1139] [1140] [1141] [1142] [1143] [1144] [1145] [1146] [1147] [1148] [1149] Chemical ionization (CI) mass spectra were recorded on a GCMS-QP2010 ULTRA instrument (Shimadzu, Kioto, Japan). The mass spectra were obtained using methane as the reagent gas and the following operating conditions: electron energy of 20 eV and ion source temperature of 200 °C. Samples were introduced via a direct insertion probe heated from 30 to 300 °C.
pH measurements of hydrolysis medium were performed using pH-Meter CP-501 (Elmetron, Poland) and a combination glass electrode EPS-1 with saturated KCl water solution as a reference electrolyte (Elmetron, Poland).
Results

Preparation of PLA stereocomplexes
Poly(l-lactide) and Poly(d-lactide) containing one hydroxyl and one carboxyl terminal groups used for the stereocomplex preparation were synthesized via bulk cationic polymerization initiated by glycolic acid [21] . Stereocomplexes in a form of microparticles were prepared by PLA stereocomplexation performed in a solution in the presence of calcium oxide as we described in our previous article [21] . Calcium oxide, in the equimolar amount to terminal carboxyl groups in PLA chain ([CaO]/ [-COOH] = 1), was added to PLLA and PDLA solutions before their mixing. For comparative study, stereocomplex without CaO additive was also obtained. First hydrolysis experiments were performed at 37 °C, and SCs precipitated from dioxane (with and without CaO) were used for this purpose. However, during experiments duration, it was found that much regular and smaller microspheres could be obtained by SC precipitation from THF [21] ; thus, such microparticles were used for the fast complementary experiment of hydrolysis performed at 50 °C. Polymers which were used for stereocomplexations are presented in Table 1 . Figure 1 shows stereocomplexes morphologies. 
Hydrolytic degradation studies
Hydrolytic degradation studies of biodegradable polymers can be performed using different protocols. The hydrolysis in buffered water solution (with different although stable pH) performed at several temperatures is most often applied. Typically, the hydrolysis in the presence of phosphate buffer, pH = 7.4 at temperature 37 °C is performed. The hydrolysis medium can be systematically exchanged; however, hydrolysis conducted without changing of the hydrolytic environment allows to determine the effect of the presence of degradation products on further course of hydrolysis. Our study on PLA microparticles susceptibility to hydrolytic degradation was performed in phosphate buffer with initial pH = 7.4 without changing hydrolysis medium at temperature 37 °C. In order to find more parameters characterizing hydrolyzed system, the study was completed by the fast hydrolysis performed at 50 °C. Both experiments were conducted during 16 weeks.
In the case of hydrolysis at 37 °C, the stereocomplex precipitated under the same conditions but without calcium oxide was also investigated because it was interesting how the presence of metal ions influenced the hydrolytic degradation of microspheres. Additionally, the hydrolysis of starting PLLA stereoisomer (without CaO addition) was performed for comparison.
All samples separated from the suspension and dried on a vacuum line were weighted after predetermined hydrolysis time in order to calculate the weight loss. An attempt of the determination of molecular weights by SEC method indicated that the solubility of PLA SC was not sufficient to have the reliable values. (It was observed that part of polymer remained on a filter before the SEC measurement). SEC analysis of the soluble fraction resulted in multimodal molecular weight distribution what is visible in Fig. 2 presenting SEC curves of PLA stereocomplex prepared in the presence of CaO at different stages of its hydrolysis. Although SEC curves clearly showed the progress of hydrolysis, this analysis did not allow the calculation of M n values (especially in the case of using a calibration for polystyrene standards).
The results of the weight change and the DSC analysis of all samples subjected to hydrolysis at 37 °C are shown in Table 2 . Thermal properties were analyzed from the first DSC run in order to include the effect of the sample history together with the SC self-organization into spherical microparticles (Fig. 3) .
As expected prepared stereocomplexes had much higher melting temperatures (~ 216 °C at the beginning) than PLLA (159 °C). The values of SC melting temperature were almost not influenced by the presence of calcium compound inside and hence by the self-organization of PLA macromolecules into spherical microparticles. In DSC curves of SC microparticles at the beginning of hydrolysis, we can notice one or two overlapped melting peaks before the main peak which disappears in DSC curves recorded for hydrolysis product at later stages. This observation could mean that some other crystalline forms existed apart from typical stereocomplex crystals, and these forms were destroyed during hydrolysis. Differently to melting temperature behavior, melting enthalpy of stereocomplex not containing calcium oxide is higher than that of SC with CaO additive which means that the initial degree of crystallinity is lower for SC/CaO microparticles. The melting enthalpy value for 100% crystalline stereocomplex (prepared from high molecular PLA) reported in a literature is equal to 142 J/g (145 J/g by other authors) [16] , whereas one of the reported melting enthalpies of PLLA homocrystallities is equal to 93 J/g [16] .
As it is known that hydrolytic degradation starts from amorphous regions [42] , thus it could be expected that PLA stereocomplex with lower crystallinity (in a form of microparticles containing CaO) should degrade easier (faster) than SC alone with higher crystallinity.
With increasing time of the exposure to hydrolytic medium, the crystallinity of both SCs (with and without CaO) initially increases which is a known phenomenon [42] and primarily is due to higher proportion of crystalline phase (after removing of amorphous one) and to the increased mobility of shorter polymer chains facilitating in this way crystallization. Only after significant chain shortening at later stages of hydrolysis process, the crystallinity decreases.
The progress of hydrolytic degradation of both stereocomplexes with time followed by the weight loss of the samples is presented in Fig. 4 . As it is visible from presented in figure plots, SC with CaO degrades faster than SC without metal salt and it degrades faster than PLLA stereoisomer alone. The results of weight loss measurements are consistent with those from DSC analysis, that is stereocomplex with lower crystallinity degrades faster. It seems that the presence of CaO, apart from lowering the crystallinity, may have also another effect. By ionization of carboxyl groups at PLA chain ends, the swelling of the polymer was pronounced; thus, water easier penetrated polymer material [12] . Faster degradation was observed especially at the beginning of hydrolysis 2+ lost about 15% of the initial weight. The observed behavior of SC microparticles may be very useful in the potential application as a delivery system for biologically active compounds. Thus, the metal salt additive not only promotes the formation of PLA microparticles [21] , but it could also facilitate the decomposition of drug carriers enabling the release of the entrapped pharmaceutical agent.
To obtain more information on hydrolysis products, additional faster hydrolysis was performed at higher temperature (50 °C) and with smaller PLA SC microspheres prepared in THF. The results are presented in Table 3 . Because for the experiment at higher temperature the microparticles were applied which were smaller and much more regular than those used in the experiment at 37 °C, the hydrolysis rate of both experiments cannot be compared. As we can see from the data presented in Table 3 , microparticles used for the fast hydrolysis had a higher degree of crystallinity (higher ΔH m values) than large particles used in the previous study at 37 °C which could be assigned to better SC crystallization from THF than from dioxane [21] . On the other hand, they were smaller as it is shown in Fig. 1 and in Table 1 . These two factors could cause opposite effect on the hydrolysis rate; however, it seems that the temperature had the predominant influence. The weight loss at 50 °C reached almost 30 wt% during 16 weeks of experiment, whereas weight loss at 37 °C reached about half of this value. Figure 4 illustrates the rate of hydrolysis of PLA SC microparticles at 50 °C (Fig. 5) .
Because hydrolytic degradation during the same time was more advanced at 50 °C leading to shorter polymer chains, also the melting temperature of PLA material dropped more quickly reaching ~ 180 °C after 16 weeks, whereas T m of SC hydrolyzed during the same time at 37 °C was about 205 °C. Similarly, as it was observed in the case of hydrolysis performed at 37 °C, melting enthalpy of stereocomplex/CaO increases with the hydrolysis progress and only after the significant PLA degradation-decreases.
As it was mentioned, hydrolysis was performed without buffer exchange which means that hydrolysis products accumulated in the hydrolysis medium. The main products of polylactide hydrolysis are lactic acid and linear lactic acid oligomers [12] . Carboxyl groups catalyze hydrolysis process, pronouncing further PLA degradation. The increasing acidity of the hydrolysis medium is evident from measured pH values presented in Table 3 . As we can see, pH from the starting value of 7.4 characteristic for used phosphate buffer dropped to the value of ~ 4 after 16 weeks of the experiment.
1 H NMR analysis and mass spectrometry (chemical ionization) of the hydrolysis medium after the different time of the process PLA degradation was supposed to be accompanied by the microparticles destruction which was confirmed by the observation of the changes of SC morphology before and after hydrolytic degradation experiment performed at 50 °C (see Fig. 6 ).
As it can be noticed in SEM pictures, the relatively uniform spherical (although porous) microparticles before hydrolysis completely lost their spherical structure during 16 weeks of hydrolysis. It seems that the destruction of microparticles proceeded in the whole volume of the microparticle and the porous structure enabled water penetration. The bulk erosion of small devices, also microparticles was postulated earlier by other authors (larger devices degrade from the core) [7] .
Because a significant drop of melting temperature up to the value close to that characteristic for one stereoisomer [43] was observed in the experiment at elevated temperature, it was interesting if the microparticles disintegration was accompanied by the SC decomposition. To clarify the situation, stereocomplex samples were analyzed by FTIR spectroscopy.
As it can be seen in Fig. 7 , in IR spectra in the wavelength range 850-980 cm −1 , the signals characteristic to stereocomplex [18, 44] appear in the same shape for the sample after 16 weeks of hydrolysis (when almost 30% of PLA degraded) as for the sample before hydrolysis. Thus, hydrolysis which at early stages caused mainly the degradation of the amorphous phase affected only slightly crystalline stereocomplex domains. The observed decrease in melting temperature could be possibly assigned to the presence of less perfect SC crystals due to the PLA chains scission.
Conclusions
Although hydrolysis of PLA stereocomplex has been already investigated and described by many authors, the behavior of SC in a form of microparticles containing metal ions inside, exposed to hydrolytic medium provides new information. Microspheres prepared from PLA stereocomplex precipitated in the presence of calcium cations have crystallinity degree comparable or slightly higher than that of low molecular weight PLLA used for stereocomplexation which depends on conditions of the stereocomplex preparation, in the case of studied systems-on the solvent. However, the crystallinity is lower than the initial crystallinity of stereocomplex prepared without calcium oxide. This lower crystallinity and additionally ionization of carboxyl groups facilitate hydrolysis, which proceeds faster in the case of SC microspheres containing Ca 2+ than hydrolysis of SC alone not forming spherical particles. The gradual decomposition of microspheres and degradation of PLA material during the hydrolysis experiment are promising effects for slow release of the pharmaceutical agent in the potential microparticles application as drug carriers. Numerous polylactide-based drug delivery systems described in the literature often require multi-step preparation procedures [26, 27] . The advantage of the approach presented in this contribution is its simplicity, polylactide microparticles containing calcium ion (thus ionic groups promoting self-organization) are formed spontaneously upon mixing of components in the simple experimental set-up. An additional advantage is the presence of calcium ions which is known to show synergistic effect with some biologically active compounds (such as vitamin D3 and calcium [45] ).
